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FRETThe phosphorylated protein pp65 of human Cytomegalovirus (HCMV) is the predominant virion protein and
the major tegument constituent. It plays important roles in HCMV infection and virion assembly. Live cell
imaging and ﬂuorescence recovery after photobleaching (FRAP) analysis showed that HCMV pp65
accumulated dynamically in punctuate nuclear foci when transiently expressed in mammalian cells.
Fluorescence resonance energy transfer (FRET) imaging disclosed that pp65 can self-interact in its
localization foci. Yeast two-hybrid assay veriﬁed that pp65 is a self-associating protein, and the N-terminal
amino acids 14–22 were determined to be essential for pp65 self-association. However, these amino acids
were not related to pp65 localization in the speciﬁc nuclear foci. The interaction of pp65 and ppUL97 was also
studied by FRET microscopy, and the result suggested that there is another signal sequence in pp65, being the
ppUL97 phosphorylation site, that is responsible for localization of pp65 in nuclear foci. These results help to
understand the function of pp65 in HCMV infection and virion morphogenesis.© 2009 Elsevier Inc. All rights reserved.Introduction
Human Cytomegalovirus (HCMV) is a member of the beta
subfamily of herpesviruses. In congenitally infected children and in
immunodeﬁcient patients, HCMV can cause a severe disease, which
results in morbidity and mortality (Britt, 1994). An infectious HCMV
particle comprises three structural elements, an icosahedral capsid
that contains a double-stranded DNA genome, a tegument, and an
envelope (Gibson, 1996; Baldick and Shenk, 1996). In the tegument,
the phosphorylated protein pp65 (UL83) is the major constituent
and predominant virion protein, and constitutes up to 95% of the
total tegument mass and up to 15% of the total virion (Irmiere and
Gibson, 1983; Michelson et al., 1984; Spaete et al., 1994; Varnum et
al., 2004).
It has been found that pp65 plays important roles in HCMV
infection, regulation of viral gene replication and expression, and
virion assembly (Dal Monte et al., 1996a, 1996b; Mocarski and
Courcelle, 2001; Sanchez et al., 2007). During active CMV infection,
pp65 is the principal viral antigen and is detected in up to 1% of the
nuclei of polymorphonuclear leukocytes in acutely infected patients
(Grefte et al., 1992; Lilleri et al., 2007). It has also been reported that
pp65 can interact directly with NKp30 to block the innate immune
defense provided by natural killer (NK) cells (Arnon et al., 2005). Asl rights reserved.pp65 is an important factor in regulating viral gene replication and
expression and immuno-responsive signaling, large quantities of the
protein are carried by infecting viral particles into the cell nucleus
during the ﬁrst minutes of HCMV infection (Schmolke et al., 1995).
Two dominant nuclear localization signals and additional targeting
sequences are responsible for this nuclear localization (Schmolke
et al., 1995; Gallina et al., 1996). The nuclear export of pp65 requires
cyclin-dependent kinase activity and the Crm1 exporter (Sanchez
et al., 2007). Although pp65 functions dominantly in the cell nucleus,
the character and behavior of pp65 in the cell nucleus remain to be
elucidated.
Recently, it has been reported that pp65 induces the formation
of highly refractile nuclear bodies in infected cells when UL97 is
deleted, and pp65 also forms aberrant aggregates in the nuclei of
uninfected cells (Prichard et al., 2005). In the present study,
ﬂuorescence recovery after photobleaching (FRAP) imaging showed
that pp65 accumulated in discrete, “speckled” nuclear foci when
transiently expressed in mammalian cells, and the accumulation of
pp65 in the nuclear foci is a highly dynamic procedure. Live cell
ﬂuorescence resonance energy transfer (FRET) revealed that pp65
multimerized by self-interaction in its localization foci. Yeast two-
hybrid assay further veriﬁed that pp65 is a self-associating protein.
In addition, through constructing a panel of deletion mutants of
pp65, we found that amino acids (aa) 14–22 of pp65 were
responsible for its self-association. The relationships among pp65
self-association, nucleic punctuate localization and phosphorylation
were also analyzed.
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HCMV tegument protein pp65 shows a “speckled” distribution pattern in
cell nuclei
In order to investigate the localization of HCMV tegument protein
pp65 in the cell nucleus, pp65 fused with EGFP was transiently
expressed with the plasmid pEGFP–pp65 in Vero cells. At 18–20 h
post-transfection of pEGFP–pp65, the ﬂuorescence of pp65–EGFP
fusion protein was detected by ﬂuorescence microscopy. As shown in
Fig. 1A, the ﬂuorescence of pp65–EGFP self-aggregated into discrete
“speckles” or foci in cell nuclei. The speckles of pp65–EGFPwere about
several to tens in one cell, and differed from cell to cell.
Dynamic accumulation of HCMV pp65 in speciﬁc nuclear foci
To further characterize the behavior of HCMV pp65 in the foci, we
performed FRAP analysis (Fig. 1B). FRAP is a non-destructive technique
to measure the diffusion and dynamic character of ﬂuorophores and
macromolecules in aqueous solutions and living cells (Phair andMisteli,
2000). Some randomly selected speckles with ﬂuorescent pp65–EGFP
fusion protein were bleached for 8–15 s using a 488-nm laser beam at
100% intensity and became dark (0 s, Fig. 1B), and the ﬂuorescence
recovery in these areas was monitored by time-lapse confocal micro-
scopy, as described by Handwerger et al. (2003). Images were acquired
every 10 s after photobleaching and are shown in Fig. 1B. Dynamic re-Fig. 1. Localization and dynamic accumulation of HCMV pp65 in distinct foci in the cell nucleu
dynamic accumulation of pp65–EGFP in nuclear foci. Cells were examined by ﬂuorescence m
speckle (indicated by the arrowhead) was bleached for 8 s and became dark, and then ﬂuoaggregation of pp65 in the speciﬁc nuclear foci was seen clearly by the
rapid reﬁlling of ﬂuorescence in the bleached speckles, which led to
complete reﬁlling within about 100 s. Statistical quantiﬁcation showed
that the half-time of ﬂuorescence recovery was 19.33±4.95 s (n=16).
Visualization of pp65 self-interaction by FRET microscopy
It is known thatpp65plays an important role in the formationof viral
dense bodies, which lack viral DNA and nucleocapsids but do have
tegument and cellular proteins, and the formation of highly refractile
bodies in uninfected cells (Gibson,1983; DalMonte et al.,1996a,1996b).
Since HCMV pp65 can self-aggregate into speckles in uninfected cells,
we supposed that it is a self-interacting protein. pp65–ECFP and pp65–
EYFP were co-expressed for live cell FRET assay, to test whether the
aggregation of pp65 corresponded to a true protein–protein interaction.
An acceptor photobleaching protocol for FRET analysis was used to
detect protein–protein interactionsbyconfocalmicroscopy, asdescribed
previously (Karpova et al., 2003; Klein et al., 2003). Brieﬂy, speciﬁc areas
of the cellwere subjected to high-intensity illumination at the excitation
wavelength of YFP (514nm),which resulted inﬂuorescencedepletion of
the acceptor ﬂuorophore (YFP) in the CFP–YFP FRET pair. An increased
CFP signal, concomitant with a decrease in YFP ﬂuorescence, thus gave
proof of protein–protein interactions measured by FRET. After 18 h co-
transfection of pECFP–pp65 and pEYFP–pp65, acceptor photobleaching
FRET experiments were carried out in the pp65 localization region. As
shown in Fig. 2, selected ROIs were bleached for 10–20 s using a 514 nms. (A) pp65–EGFP localization in distinct foci in the cell nucleus. (B) FRAP imaging of the
icroscopy at 18–24 h post-transfection. For confocal FRAP measurements, the selected
rescence recovery in the speckle was monitored by time-lapse imaging. Bar, 8 μm.
Fig. 2. Live cell imaging of pp65 self-interaction by FRET imaging. (A) Representative images and quantitative analysis of the acceptor photobleaching analysis for the interaction
between pp65–ECFP and pp65–EYFP. (B) Representative images and quantitative analysis of the positive sample “cameleon” (as depicted in Results) by the acceptor photobleaching
protocol. (C) Representative images and quantitative analysis of the interaction between ECFP and EYFP as the negative control by the acceptor photobleaching protocol. ROI is the
area of acceptor photobleaching. Dpre and Apre are ﬂuorescence images of donor and acceptor before acceptor photobleaching, respectively. Dpost and Apost are ﬂuorescence images of
donor and acceptor after acceptor photobleaching, respectively. The FRETeff of the ROI was calculated as FRETeff=[Dpost−Dpre] /Dpost. Bar, 8 μm.
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EYFP (acceptor) were imaged before and after photobleaching. FRET
images and quantiﬁcation analysis (Fig. 2A) showed that an increase in
the ﬂuorescence intensity in the CFP channel could be detected
concomitantly with a decrease in YFP ﬂuorescence. The signiﬁcant
FRETeff value between pp65–ECFP and pp65–EYFP was calculated as
10.21±2.39% (n=20).
Plasmids pECFP-C1 and pEYFP-C1, which expressed ﬂuorescence
proteins ECFP and EYFP, were used as a negative control (Fig. 2B). A
plasmid that encoded the tandem fusion protein cameleon was used
as a positive control (Fig. 2C), to ensure the validity of the FRET
analysis, as in our previous study (Li et al., 2008). The fusion protein
cameleon consists of ECFP, calmodulin, calmodulin-binding peptide
M13 and EYFP (Miyawaki et al., 1997). After comparing the FRETeff
between pp65–ECFP and pp65–EYFP with negative controls (0,
n=15) and positive controls (11.79±3.54%, n=13), it was found
that pp65 could self-interact in living cells.
Yeast two-hybrid assays were also carried out to validate the
results of live cell FRET imaging. The HCMV pp65 ORF was cloned into
the pGADT7 vector in-frame with the GAL4 activation domain and the
pGBKT7 vector in an N-terminal in-frame fusion of the GAL4-DNA-
binding domain. Saccharomyces cerevisiae AH109 cells were co-
transformed with pGADT7–pp65 and pGBKT7–pp65. AH109 host
strain that contained pGADT7-T and pGBKT7-p53 was used as a
positive control, while the AH109 host strain that contained pGADT7-T
and pGBKT7-Lam was used as a negative control. The results of the
yeast two-hybrid assay showed that there was a real self-interaction
for pp65.
Identiﬁcation of pp65 sequences responsible for its self-interaction
A panel of deletion pp65 mutants was constructed (Fig. 3) and
cloned into the plasmid pGBKT7, to map the amino acid sequences inFig. 3. Identiﬁcation of the self-interaction of pp65 and aa 14–22 (VLGPISGHV) of pp65 respo
and yeast two-hybrid assay. “+” and “−” signify growth and no growth of AH109 yeast tran
culture assay was used O-nitrophenyl β-D-galactopyranoside (ONPG) as substrate. 1 U of β-g
and D-galactose per min per cell. The β-galactosidase units were calculated from three ind
(t×V×OD600), where: t=elapsed time (min) of incubation; V=0.1 ml×concentration factpp65 responsible for its self-interaction, by yeast two-hybrid assay.
The results are shown in Fig. 3. aa 14–22 (VLGPISGHV) were essential
for pp65 self-interaction, which was abolished by deletion of these
amino acids.
pECFP–pp65Δaa14–22 and pEYFP–pp65Δaa14–22 were con-
structed by inserting the aa 14–22 deletion mutant of pp65 into
pECFP-C1 and pEYFP-C1, and were transiently expressed for live cell
analysis. There was almost no more apparent FRET signal (FRETeff as
0.90±0.97%, n=13) between pp65Δaa14–22–ECFP and pp65Δaa14–
22–EYFP (Fig. 4B). Interestingly, the aa 14–22 deletionmutant of pp65
fused to ﬂuorescence proteins could still be found accumulating as
speckles in the cell nucleus (Fig. 4A), although the nuclear speckles
formed in cells expressing the pp65Δaa14–22 mutant protein appear
more loosely constructed and less discrete.
aa 14–22 of pp65 responsible for its self-interaction are not the key
phosphorylation site by pp UL97
Prichard et al. (2005) have reported that UL97 kinase activity can
prevent pp65 aggregation, which means that phosphorylation plays a
key role in the aggregation of pp65.We therefore expected that aa 14–
22 of pp65, which are responsible for its self-interaction, might also be
a phosphorylation site of this phosphoprotein. However, this was
debatable since the pp65Δaa14–22 mutant without self-interaction
still showed focal distribution in the cell nucleus. To further study this
problem, ppUL97 and kinase-deﬁcient ppUL97K355Mwere also fused
with ECFP, and their inﬂuence on the aggregation of pp65 and pp65
mutant was evaluated in uninfected cells. Fig. 5B shows that co-
expression of the UL97 kinase with pp65Δaa14–22–EYFP fusion
protein inhibited the formation of pp65Δaa14–22 mutant aggrega-
tion, as did co-expression of UL97 kinase with pp65–EYFP fusion
protein (Fig. 5A). The kinase-deﬁcient ppUL97, ppUL97K355M, did not
affect aggregation of pp65 and pp65Δaa14–22 but co-localized withnsible for its self-interaction, through construction of a panel of deletion pp65 mutants
sformants on the−LWAH/X-β-gal plate at 4 days post-inoculation, respectively. Liquid
alactosidase is deﬁned as the amount which hydrolyzes 1 μmol of ONPG to Onitrophenol
ividual experiments according to the equation: β-galactosidase units=1000×OD420 /
or; OD600=A600 of 1 ml of culture.
Fig. 4. Localization of the pp65 mutant and confocal FRAP analysis of its self-interaction in the cellular nuclear foci. (A) pp65Δaa14–22–EYFP localization in distinct foci in the cell
nucleus. (B) Representative images and quantitative analysis of the acceptor photobleaching analysis for the self-interaction between pp65Δaa14–22–ECFP and pp65Δaa14–22–
EYFP. The ROI is the area of acceptor photobleaching. Dpre and Apre are ﬂuorescence images of donor and acceptor before acceptor photobleaching, respectively. Dpost and Apost are
ﬂuorescence images of donor and acceptor after acceptor photobleaching, respectively. Bar, 8 μm.
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14–22 (VLGPISGHV) of pp65 are not the pp65 phosphorylation site of
ppUL97. In pp65, there must be another site for its phosphorylation,
which is also responsible for its localization and accumulation in the
speciﬁc nuclear regions.
It was shown that pp65 aggregates in nuclear speckles only in the
absence of ppUL97-mediated phosphorylation. It will be interesting to
know whether pp65 proteins self-interact after they are phosphory-
lated by ppUL97. pmCherry–UL97 was constructed and cotransfected
into the cell with pECFP–pp65 and pEYFP–pp65. And acceptor
photobleaching FRET experiments were carried out between pp65–
ECFP and pp65–EYFP. As shown in Fig. 6, when there was ppUL97
positive FRET signals (FRETeff as 4.41±2.24%, n=8) could still be
acquired between ECFP–pp65 and EYFP–pp65, although pp65
distributed throughout the nucleus. This result showed that the
phosphorylated pp65 also has the self-interaction character.
Visualization of the interaction between pp65 and ppUL97 by FRET
microscopy
Recently, it has been shown that pp65 interacts directly with
ppUL97 (Kamil and Coen, 2007) and pp65 is required for the
incorporation of ppUL97 into the virus particle (Chevillotte et al.,
2009). In this regard, we further imaged the interaction between pp65
and ppUL97 by FRET microscopy and determined whether the aa 14–
22 domain contributes to the function of pp65 interaction with
ppUL97. Acceptor photobleaching FRET experiments were carried out
between ppUL97–ECFP and pp65–EYFP, as well as ppUL97–ECFP and
pp65Δaa14–22–EYFP. The FRETeff between ppUL97–ECFP and pp65–EYFP was 4.44±2.66% (n=8) (Fig. 7A), and the FRETeff between
ppUL97–ECFP and pp65Δaa14–22–EYFP was 4.67±1.98% (n=13)
(Fig. 7B). From these results we could not ﬁnd a distinct difference
between ppUL97 interacting with pp65 or pp65Δaa14–22. The FRET
assay of ppUL97K355M–ECFP and pp65–EYFP or pp65Δaa14–22–EYFP
were also carried out (Figs. 7C and D) and the FRETeff between
ppUL97K355M–ECFP and pp65–EYFP (5.26±2.43%, n=9) has no
distinct difference from the FRETeff between ppUL97K355M–ECFP and
pp65–EYFP (5.96±2.46%, n=7). From these results, it can be
concluded that the aa 14–22 domain of pp65 should not be essential
for its interaction with ppUL97.
Discussion
When expressed in Vero cells, pp65 fused with ﬂuorescence
proteins showed a focal or speckled distribution pattern, which is
consistent with previous reports that expression of pp65 is sufﬁcient
to induce aggregation in uninfected cells (McGregor et al., 2004;
Prichard et al., 2005). When the ﬂuorescence protein fused with pp65
in the speckles was bleached, pp65 was distributed in other areas, the
speckles were transported into the bleached area, and ﬂuorescence
reﬁlled the bleached speckles. These results show that pp65 does not
stay immobile within its localization foci but moves dynamically in
and out of the foci. Furthermore, the foci act as anchor points for the
dynamic movement of pp65 in the nucleus. A previous study has
reported that, in stable eukaryotic cells, pp65 preferentially localizes
to condensed chromatin and is associated with chromosomes
throughout mitosis (Dal Monte et al., 1996a, 1996b). Another study
has reported retention of pp65 in particular nuclear structures, such as
Fig. 5. UL97 kinase activity can prevent the aggregation of both pp65 and pp65Δaa14–22 in transfected Vero cells. (A) Co-expression of ppUL97–ECFP and pp65–EYFP disrupted
nuclear pp65–EYFP aggregation and resulted in diffuse nuclear localization of both proteins. (B) Co-expression of ppUL97–ECFP and pp65Δaa14–22–EYFP disrupted nuclear
pp65Δaa14–22–EYFP aggregation. (C) Co-expression of ppUL97–K355M–ECFP did not disrupt nuclear aggregation of pp65–EYFP, and the kinase-deﬁcient ppUL97 was recruited to
the pp65 foci. (D) Co-expression of ppUL97–K355M–ECFP did not disrupt aggregation of pp65Δaa14–22–EYFP, and the kinase-deﬁcient ppUL97 was also recruited to the pp65-
mutant foci. Bar, 8 μm.
174 Z. Cui et al. / Virology 392 (2009) 169–177the nuclear lamina (Sanchez et al., 1998). The nucleolar localization of
pp65 in HCMV-infected cells has also been reported (Arcangeletti
et al., 2003). It seems that there is still a controversy about which
nuclear structure is the speciﬁc compartment for pp65 localization.
Nevertheless, from our results and these reports, it can be concluded
that pp65 is not distributed homogeneously or aggregated randomly
in the nucleus. HCMV protein pp65 should be targeted to distinct
compartments in the nucleus to function efﬁciently.
Self-interaction and multimerization of viral structural proteins
have been well documented and are thought to be critical for
morphogenesis and maturation of a variety of viral systems. Live cell
FRET analysis and yeast two-hybrid assay revealed that the HCMV
tegument protein pp65 is a self-interacting protein. Further studies
about the role of pp65 self-interaction in HCMV infection and virionmorphogenesis are ongoing in our laboratories. At present, it
remains unclear how pp65 is packaged into HCMV virions. It has
been reported that pp65 can induce characteristic refractile inclu-
sions that contain tegument and capsid proteins in cells infected
with recombinant HCMV with deletion of ppUL97 activity (Prichard
et al., 2005). Various assembly complexes that contain pp65 and
other HCMV structural proteins are also found in vivo and in vitro
(Gibson, 1983; Sanchez et al., 2000). pp65 is the most abundant
protein of HCMV, and its self-interaction might have an important
function during the formation of these inclusion structures and
virion morphogenesis. Based on the self-interaction of pp65, other
tegument or capsid proteins interacting with pp65 to mediate its
assembly into the tegument layer might be an important mechanism
of HCMV assembly.
Fig. 6. Self-interaction of pp65 when they are phosphorylated by ppUL97. Acceptor photobleaching FRET experiments were carried out between pp65–ECFP and pp65–EYFP when
they are co-expressed with ppUL97–mCherry (see the red channel) in a same cell. Bar, 8 μm.
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showed that the N terminus of pp65 was responsible for its self-
interaction. The N-terminal aa 14–22 of pp65, with no relation to the
nuclear targeting signals (Schmolke et al., 1995), was deﬁned as the
key domain essential for pp65 self-interaction. Deletion of aa 14–22
completely abolished pp65 self-interaction. HCMV pp65 has impor-
tant functions and is present in large quantities. Therefore, discovery
of the key self-interaction domain may be helpful to deﬁne further
roles of pp65 and its self-interaction during infection with and
reproduction of HCMV.
The aa 14–22 deletion mutant of pp65 fused to ﬂuorescence
proteins still accumulated as speckles in the cell nucleus, whichmeans
that self-interaction is not the unique reason for pp65multimerization
in the nucleus. pp65 fused with ECFP was also found co-localized with
the aa 14–22 deletion mutant of pp65 fused with EYFP in distinct
nuclear foci, although there was no apparent FRET signal between
them. Taking these results together with the ﬁnding that HCMV
protein pp65might be targeted to distinct anchoring compartments in
the nucleus, we deduce that the aa domain responsible for pp65
localization is different from the domain required for its self-
interaction. In addition, it was found that UL97 kinase activity
prevented the aggregation and localization of pp65 (as reported by
Prichard et al., 2005) and pp65 mutants, but did not prevent the self-
interaction of pp65. Therefore, it is suggested that the phosphoryla-
tion site of ppUL97 is also the domain responsible for nuclear
localization of pp65, and that aa 14–22 of pp65, which are responsible
for its self-interaction, are not part of this phosphorylation site. The
interaction of pp65 and ppUL97 was also studied by FRET microscopy.
A series of FRET imaging and analysis showed that the aa 14–22
domain of pp65 is also not essential for its interaction with ppUL97.
In conclusion, live cell imaging and FRET and FRAP analyses
showed that HCMV pp65 dynamically accumulated and self-asso-
ciated in discrete punctuated nuclear foci. The N-terminal aa 14–22
were shown to be essential for pp65 self-interaction. It is further
suggested that, in addition to sequences responsible for its self-
interaction and nuclear targeting, there is another signal sequence in
pp65, being related to its phosphorylation, that is responsible for itsnuclear localization. These results help to understand the function of
pp65 in HCMV infection and virion morphogenesis.
Materials and methods
Plasmid construction
The HCMV pp65 ORF was ampliﬁed from HCMV (the AD169 strain,
kindly provided by Professor Mingli Wang, Department of Microbiol-
ogy, Anhui Medical University, Hefei 230032) cultured in HFF cells by
PCR using primers 5′-ACG ATC TCG AGG CAT GGA GTC GCG CGG TC-3′
(forward, XhoI included) and 5′-CGT GGG ATC CGT GGC TCA ACC TCG
GTG CTT-3′ (reverse, BamHI included). For live cell imaging, the pp65
ORF was cloned in-frame into the C-terminal domain of pEGFP-C1,
pECFP-C1 or pEYFP-C1 using XhoI and BamHI, to generate pEGFP–
pp65, pECFP–pp65 and pEYFP–pp65, respectively, and the pp65
mutants were also cloned into pECFP-C1 or pEYFP-C1 using XhoI
and BamHI. AD169 UL97 ORF and the K355M mutated ORF were also
ampliﬁed (Michel et al., 1996, 1998) and inserted into pECFP-C1 to
construct pECFP–UL97 and pECFP–UL97–K355M, respectively. The
plasmid pmCherry–UL97 was constructed by inserting the UL97 ORF
into pmCherry-C1 in-frame with mCherry gene.
For the yeast two-hybrid assay, the pp65 ORF was cloned in-frame
into the C-terminal domain of the shuttle plasmid pGBKT7 or pGADT7
using NdeI and BamHI, to generate pGBKT7–pp65 and pGADT7–pp65,
respectively. The pp65 deletion mutants were cloned into the shuttle
plasmid pGBKT7 using NdeI and BamHI. All constructs were veriﬁed
by DNA sequencing (Invitrogen Biotechnology Co., Ltd., Shanghai,
China).
Cell culture and transfection
Vero (African green monkey kidney) cells were maintained in
Dulbecco's modiﬁed Eagle's medium (DMEM; Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco) at 37 °C
in 5% CO2. Before transfection, Vero cells were cultured in 35-mmglass
bottom culture dishes and allowed to reach 70–80% conﬂuency. Cells
Fig. 7. Visualizing the interactions of pp65 and ppUL97, as well as their mutants, by FRET microscopy. (A) Representative images and quantitative analysis of the acceptor
photobleaching analysis for the interaction between ppUL97–ECFP and pp65–EYFP. (B) Representative images and quantitative analysis of the interaction between ppUL97–ECFP and
pp65Δaa14–22–EYFP. (C) Representative images and quantitative analysis of the interaction between ppUL97–K355M–ECFP and pp65–EYFP. (D) Representative images and
quantitative analysis of the interaction between ppUL97–K355M–ECFP and pp65Δaa14–22–EYFP. Bar, 8 μm.
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(Invitrogen, Carlsbad, CA, USA), according to the manufacturer's
instructions. After transfection, cells were incubated at 37 °C in 5% CO2
for 18–24 h for observation under microscopy.
FRAP and FRET imaging
FRAP and FRET imaging and analysis were performed using a laser
scanning confocal microscope (TCS SP2; Leica, Mannheim, Germany)
equipped with a cooled CCD camera. The cell culture dishes were
placed in a temperature-controlled incubator at 37 °C and were
examined using a 63× oil objective (NA 1.32). For FRAP experiments,
some randomly selected ﬂuorescent speckles were bleached for 8–15 s
using a 488 nm laser beam at 100% intensity (about 95 mW of power
at the specimen), and ﬂuorescence recovery into the bleached areas
was monitored by time-lapse confocal microscopy, with advanced
time-lapse software. For living cell FRET imaging, excitation beam and
emission bands for the ﬂuorescence channels were 465 and 499 nm
for ECFP, and 514 and 530 nm for EYFP. FRET measurement was
performed using the FRET acceptor photobleaching program of the
Leica confocal software. In the photobleaching procedure, cells were
bleached using a 514 nm laser beam at 100% intensity. Depending on
the experiment, we selected a region of interest (ROI) for bleaching.
The bleach time ranged from 10 to 20 s. The FRET efﬁciency (FRETeff)
was calculated by the software according to the equation: FRETeff=
[Dpost−Dpre] /Dpost. Statistical analysis was performed using SPSS 16.0
software (SPSS, Chicago, IL, USA). Pb0.01 was considered statistically
signiﬁcant.
Yeast two-hybrid assay
Plasmids pGADT7 and pGBKT7 were gifts from Dr. Youhe Gao
(Department of Pathophysiology, National Key Laboratory of Medical
Molecular Biology, Proteomics Research Center, Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences and Peking
Union Medical College, Beijing 100005, China). Saccharomyces
cerevisiae AH109 (MATa trp1-901 his3 leu2-3, 112 ura3-52 ade2 gal4
gal80URA3∷GAL-lacZ LYS2∷GAL-HIS3) cells and plasmids pCL1,
pGADT7-T, pGBKT7-p53 and pGBKT7-Lam were kindly provided by
Prof. Zhihong Hu (State Key Laboratory of Virology, Wuhan Institute of
Virology, Chinese Academy of Sciences, Wuhan 430071, China). The
yeast two-hybrid experiments were performed according to the
manufacturer's instructions (MATCHMAKER GAL4 Two-Hybrid Sys-
tem 3; Clontech).
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